. Studies with animal viruses have, in general, supported a similar view. For example, the production of virus-specific proteins and infectious ribonucleic acid (RNA), in the absence of complete virus synthesis, occurs in foot-and-mouth disease virusinfected cells inhibited by proflavine (Brown and Stewart, 1959) . Other studies (Wilcox and Ginsberg, 1962; Franklin, 1955) suggest that proflavine exerts a differential effect on the synthesis of viral antigens and complete virus.
MATERIALS AND METHODS
Virus. The strain of vaccinia virus used in all experiments was obtained from A. W. Moyer of the Lederle Laboratories, Pearl River, N.Y. A stock virus pool was prepared from 48-hr infected KB cells and supernatant culture fluids by treatment for 1 min in a 10-kc Raytheon sonic oscillator, and was stored at -20 C.
Cell culture. KB cells were grown in screwcapped bottles or 50-mm petri dishes in an atmosphere of 5% CO2 (Bubel et al., 1956) . Cell cultures were grown in Eagle's medium (Eagle, 1955) containing 10% inactivated calf serum.
Infectivity titrations. Samples for virus titration consisted of infected cells and supernatant culture fluids. This material was exposed to sonic vibration for 1 min just prior to virus assay. Appropriate dilutions of virus samples to be titrated were added to confluent KB cell sheets in a volume of 0.3 ml. After a 2-hr adsorption period, the infected monolayers were overlaid with a mixture of 2X Eagle's medium and 1.8%o (v/v) agar.
Infected cultures were incubated further for 72 hr, and plaques were counted after being stained with neutral red. Virus titers were expressed as the number of plaque-forming units (PFU) per milliliter of culture fluid.
Hemagglutination titrations. Hemagglutination titrations were performed by adding 0.5 ml of a 0.5% suspension of chicken red blood cells in phosphate-buffered saline (PBS), pH 7.2, to an equal volume of the sample dilution to be assayed. Red blood cells were derived from chickens previously tested for high reactivity with vaccinia virus hemagglutinin. The pattern of sedimented cells was read after 2 hr at room temperature, BUBEL AND WOLFF and the last tube showing complete hemagglutination was taken as the titration endpoint.
Antiserum was prepared in rabbits by repeated intravenous injections of fluorocarbon-purified vaccinia virus (Epstein, 1958) .
Assay for blocking antigens. The production of vaccinia virus antigens by infected cells was determined by a modification of the procedure of Oda (1963) . Virus samples to be assayed for blocking antigens were first irradiated for 2.5 min with a 15-w germicidal lamp to destroy virus activity. Preliminary experiments with this system showed that the surviving fraction of a suspension of vaccinia virus containing 1.7 X 107 PFU/ml was less than 1 X 10-6, indicating nearly complete inactivation of virus.
For the test, 0.3-ml samples of irradiated material to be assayed were mixed with an equal volume of antivaccinia serum diluted 1:250. Titrations with active virus had shown that this dilution of serum inactivated approximately 50% of the virus within 2 hr at 37 C. Virus-serum mixtures were then incubated for 2 hr at 37 C, and for 48 hr at 4 C. Next, 0.3-ml portions of "indicator virus," containing a total of 1 X 103 PFU, were added. The mixtures were incubated for 2 hr at 37 C and for 48 hr at 4 C, after which assays for residual virus To determine the toxic effect of proflavine on normal KB cells, selected quantities of the dye (0.5 to 10 Ag/ml of cell culture fluid) were added to KB cells, and incubation at 37 C continued for 48 hr. During this period, cultures were examined microscopically for evidence of cytotoxicity. Proflavine toxicity first appeared at 6 hr, and was characterized by elongation and eventual detachment of cells from the surface of the culture vessel. Cytotoxicity became apparent at dye concentrations above 3 ,ug/ml. Cells removed from an environment of 2.5 ,ug/ml of proflavine were able to form normal-appearing cell sheets upon transfer and further incubation.
Vaccinia virus suspensions were incubated at 37 C in the dark with proflavine concentrations ranging from 0.5 to 10 jig/ml. Virus assays carried out after 48 hr did not reveal a significant reduction in infectivity.
Suppression of virus and hemagglutinin synthesis and cytopathic effects (CPE) by proflavine.
Cultures of KB cells were infected with vaccinia virus and freed of unadsorbed virus by several washings with PBS. Growth medium containing the desired amount of proflavine was added to the infected cultures, which were incubated at 37 C for 48 hr. At this time, proflavine-treated cultures were compared with normal infected cultures for CPE by microscopic examination. The cells and fluids were then harvested, disrupted, and examined for virus and hemagglutinin content.
The production of virus and hemagglutinin was markedly inhibited by proflavine concentrations of 2.5 Ag/ml and above, as was the development of a CPE characteristic of vaccinia virus infection (Table 1) . Proflavine concentrations of less than 2.5 ,ug/ml exerted a progressively diminishing effect on the virus infection. The small quantity Reversal of proflavine inhibition. The reversibility of proflavine inhibition in virus-infected cells was examined as follows. Virus-infected cells were exposed to proflavine, and, at selected intervals after infection, growth medium containing proflavine was removed, the cell sheets were washed twice, and fresh medium was added. Incubation was continued for 48 hr. It is manifest that infected KB cells maintained in the presence of proflavine for 14 hr were capable of producing maximal virus yields (Table 2 ). These data indicated that transient exposure to proflavine did not result in permanent damage to the virus-synthetic mechanism.
To study the kinetics of virus synthesis after reversal of proflavine inhibition, cell cultures were infected in the presence of proflavine. After virus adsorption, the cell sheets were washed twice with PBS containing proflavine. Growth fluid containing proflavine was replaced, and incubation was continued for 20 hr. The cultures were then washed free of inhibitor, and fresh growth medium was added. At this time replicate cultures were infected with virus and maintained in the absence of proflavine. At selected intervals, cultures from the proflavine-inhibited group and the control group were frozen and stored for future virus assay. It is apparent (Fig. 3 ) that proflavine did not block virus adsorption or penetration, since cells infected in the presence of the dye were capable of synthesizing virus after removal of proflavine. In such cultures, however, the appearance of newly synthesized virus could not be detected until several hours after the inhibitor had been removed. It is significant that an eclipse period, characteristic for vaccinia virus, followed reversal of proflavine inhibition. This finding again suggests that proflavine may block an early stage in the infectious cycle, e.g., interference with the viral uncoating process or the synthesis of enzymes associated with viral DNA replication (Magee, 1962; Green and Pina, 1962) .
Evidence for the incorporation of proflavine into developing virus. Photosensitization of poliovirus through incorporation of acridine dyes into the maturating virus particle has been reported (Wilson and Cooper, 1962; Schaffer, 1962; Crowther and Melnick, 1961) . This effect was attributed to the binding of dye to viral RNA, and the subsequent absorption of light energy by the dye-RNA complex. Consequently, photosensitization of virus by acridine dyes, such as proflavine, may be considered indicative of nucleic acid-dye interaction.
To gain some insight into the mechanisms by which proflavine interferes with vaccinia virus synthesis, KB cells were infected with virus and at hourly intervals thereafter were "pulsed" with 0.5 ,ug/ml of proflavine. This concentration was Franklin, 1958) . Ledinko (1958) when  FIG. 4 . Exposure of maturating vaccinia virus to vaccinia virus synthesis is suppressed with 1-hr "pulses" of proflavine (0.5,6g/ml). The points actinomycin D (Reich et al., 1962 (Table 1) . Proflavine was allowed to occurred in the presence of proflavine, since cells remain in contact with infected cells for 1 hr, after exposed to virus and maintained in the presence which the cultures were washed free of the in-of the inhibitor were capable of synthesizing norhibitor, and fresh medium was added. The cells mal quantities of virus when placed in a prowere disrupted 48 hr after virus infection and the flavine-free environment. This would suggest that released virus was irradiated, as described in the proflavine acts on an early critical event of the Materials and Methods. Preliminary experiments virus synthetic cycle. Additional evidence of this had demonstrated that vaccinia virus particles action is implied by the occurrence of an eclipse exposed to 0.5 ,ug/ml of proflavine for 1 hr at 37 C period of normal time proportions, after the rewere not rendered photosensitive. moval of inhibitor from infected cells (Fig. 3 ). An
The selective photosensitization of vaccinia early change occurring in vaccinia-infected cells virus during the early stages of virus synthesis is the stimulation of DNA-synthesizing enzymes (Fig. 4) suggested that proflavine interacted with (Green and Pina, 1962; Magee, 1962) , and in this vaccinia DNA while this material existed in a regard it is significant that proflavine inhibits the naked form or in loose complex with other virus enzymatic synthesis of DNA and RNA (Hurwitz precursors. Proflavine-DNA interaction coincided et al., 1962) . with the period shown by Salzman (1960) to inThat interference with virus synthesis may be clude the synthesis of the major portion of vac-reversed was indicated by data which showed that cinia DNA. The inability of proflavine to photo-proflavine suppression was relieved if the inhibitor sensitize during the first 2 hr of infection may be was withdrawn. With regard to the reversibility attributed to the inaccessibility of viral DNA to of proflavine inhibition, it is noteworthy that proflavine. This period of resistance to photosen-proflavine can undergo reversible binding with sitization is equivalent to that necessary for un-native DNA, and that DNA which has reacted coating of vaccinia virus (Joklik, 1964) . By the reversibly with acridine dyes retains its biological 8th hr, resistance to photosensitization again activity (Lerman, 1961 (Crowther and Melnick, 1961 ) have a strong affinity for nucleic acids, and are capable of photosensitizing a variety of viruses. Mayor and Diwan (1961) demonstrated direct interaction of proflavine and tobacco mosaic virus by fluorescence techniques, and Wilson and Cooper (1962) suggested that neutral red exerts its photodynamic effect by binding to poliovirus RNA. A similar conclusion was drawn by Schaffer (1962) who studied poliovirus-proflavine binding.
Whereas the action of proflavine on vaccinia virus synthesis may be attributed to early interaction of the compound with vaccinia nucleic acid or the viral DNA-synthesizing system, this may not be the only mechanism of action. Such a conclusion seems reasonable from the fact that proflavine inhibited virus maturation at a late stage in the infectious process. It may be assumed that access of proflavine to viral DNA already incorporated into developing particles is blocked; hence, the possibility that proflavine interferes with the virus assembly process must also be considered. This is consistent with the literature dealing with the action of proflavine on phage infections (DeMars, 1955; Kellenberger and Kellenberger, 1957) and such a mechanism of action has been suggested as an explanation for the accumulation of virus precursors in adenovirus-infected cells treated with proflavine (Wilcox and Ginsberg, 1962) .
